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Btein/Tcrch/r:me 
Aberdeen ?roving GrounC., .r.t..d. 
11 August 19-48 

EFFl!CTIVl'!NEl!S OF INCENDIARY kMMUNlTION AGAINST AIRCRAFT FUELTANim 

ABSTRACT 

!'he probability of obtaining a ldll or:. an aircraft due to thevulner
ab!lity of its tuel sy:;;tem to incendiary projeC'tiles is the product of the 
probability that a round perforates :.he :ank:, the probabili:y that the pro
Jectile :fun:::tlons. the probability that ~he penetrating projecti:e ignites 
the fuel after fcJnetioning and perforatL"lg, the pr~ioabEity lhat the tank 
does not self-seal and the probabii.ity t.'tat a resulting fire causes a kil: 
to the aircraft. T!:esa various probabilities 3ave been obtained as 
functions of striking velocity iro:n firings cf incendiary ammunl:lon 
againSt gasoline and :oterosene filled tJ.el tanks. Experiments under con
trolled conditions, designed to stu1y the mechanics of fuel tank igJ:it:on, 
are described tl.l'.d prelim !nary resttlts presented. A formula :S given 
which uti11z~s the ta.bulated data to give lhe total probability of fuet tank 
"!ire in "n·· hlts on tho plar..e as a function of botJ:: the singlo-shct probab:lity 
of :!ire and t:te prcbal;ility of fire dut" tol.t:J.pacting a.nJLready leakL"lgfuel 
c-ell. 
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INTRODUCTION 

One of th~ mcs: econor:::ical methods cf obt:ain!ng killL"lg damage to an aircraft ts by liberating de

strur,tively the energy cor.tained w!thb the fuel it carries. 

Tl".J.s ::-eport p:-esems ::-esults ::i::Jlained to da~e tn all firings against aircraft fuo?l systems conducted 

at Aberdeen ?r-ovir.g Ground i.n thB cill'rent v-.tlnerabllity firi.'lgs, w1th the exceptior. of {!'Bgment damage. 

Additior.al firings a:re now in prog::-ess and much ar,alysiS :-ema~s to be done. CurrenLtests include firings 

o£ bare T:NJ' and a'-so of shaped charges agail:st aircraft fuel cells, The cur-rent program a:so proposes to 

a.t:alyse the rr.echar.isrr. Of fuel tank ig:nl.tior. thr~L study of the fuel tank srray, duration and type of pro~ 

jectne fu.>dioning, the effe~t of att:·.urle and s~eed of aircraft ar.d lhe effect o:f char;ges tn type o! fuel and in 

fuel ta:'!k and U:;e construction. Partial results of !.he currer,t program are presented in this report. The 

study of fue: tank damage by fragments is in progress and wtu he separately treated. 

The factors affecting fuel tank ipl.Uon are quite varied and ma.r:.y have been studied at other agencies. 

Those studtes most pertinent tc the present rupert llave been cited. 

Probably H:.e best available ;oeference on :he history, design, development ud chara::teristlcs of 

ince."'ldl.ary ammunition is the volume issued by the Officej Chief of Ordnance.1 
In adtUilon to detailed 

descripti011 of all of the i!lc(tndiary amm"m!.tion developed Cy the ~'Tdnance Departrr.ent, and discussion of 

te~t resdts, thl.z: tepo!\! contains an exhaust~ve: llst of references, particularly to hundr€ds of Ordnance 

Committee Meetbg items and firir.g rec\n"ds wh!ch could not otl:e:rwtse te boate:l in a reasonable length 

of time. 

FUEL TANK IGNlTlON BY lMCENDlARY AMMUNITION 

The purpose o:f the fli'L"'lgS agabst the airc::-aft target is to evaluate the vulnerability, cot of these 

particttlar aircl:"ait, but of aircraft oi the future. Hence, the data to be obtained mus: be in a form which 

wil: perm!t evai®lion of the vulne;oability of many types of ft;tellank inStallations. The foUowing remarks 

tndicate a r:canner in which lhts may be 1one. 

:'he net sil~gle-shot probability cf obtatcL.'tg an uA'' lrl112 due tc lg:tUicn of a particular fuel tar.k o:

cell, for a random hit on the plane, is 

P. "'(P H/pl.ane! (PCP/H) (P fr.n/C?) (P F/fcn, CP) {P A/F), 
~F 

1Record of Army Ordna.r.ce Research and Development, Volume 2~ Sma!l Arms and Small Arms Ammunition, 
Book 2 Small Al:"r:>:ls Ammi.<Bition (C). 

$ 
~An uA" kill is one which causes the aircraft to fall within five minutes. Complete definition o! the different 
categories U.''.der which damage is assessed at Aberdeen are to be found in BRL 462 '1Aircraft Vulnerability 
and Overal~ ArmameiJt Effectiveness." 
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(P H/plane • probabillty of hitting the projected area of the tank if the plane is hit, 

(P CP/H • probab111ty of a cell wall perforation if the projected area of the cell is hit, 

(P fcn/CP) • probabiUty that a round functions, i.e., itself ignites, 

(P F/fcn, CP) -probability of igniting a fuel cell if the round functions (and perforates) the cell, 

(P A/F) • probab1Uty of an "A" kill on the plane if the fuel is ignited. 

The. corresponding expressiqn for so-called "compound" damage, the probab111ty of obtaining an 

"A" kill by an impact into a previously damaged and leaking tank, is developed in a previous report, 2 and 

presented in Appendix B. 

5 

The several factors in the foregoil)g expression for the net probability of obtaining an "A" kill, vary 

differently with change in striking velocity. It is evident that the probability of an "A" klll on any aircraft 

due to fuel tank fire is not obtainable solely from field firings against aircraft. 

The factor (P H/plane) is equal to the relative projected area of the fuel tank, which area is ob

talned in the current effectiveness studies at Aberdeen by planimetertng photographs of skeletal models. 

Figure 1 is such a photograph of the XB-47 jet bomber. 

FIG. 1 Optimum CaUber Program. View of XB-47 Model simulating range of 185 yards. 

1Thus, if (PH/plane) • .05, (P CP/H) • .90, (P fcn/CP) '" .80,_. P F /fen, CP) • .20 and (P A/F) •• 50, 

then the net stngle-shot probability, P A ,. .0036. The probablllty of an "A" kill due to fire in the target 

F . -20(.0036) 
tank for 20 random hlts on the plane is· then ~ 1 - e • .07. 

2aRL Memorandum Report No. 437. "Optimum Caliber Program," 1 July 194(:1. 
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'The pro8a':Jility (PCP/H), of a cell perforation if the projected area of the tank is hit, is obtained 

both fr;:,m field firings and also, wben fuel cells arc rr.askcd by heavy dural :Jr armor plate, by means of 

theoretical penetrati::m laws. The field firings have oeen conducted against a large variety of fuel tank 

installations and consequently an installation will have been used as a target which is not significantly 

different from the installation on a plane under study. The sample numDer for the field firings is larger 

for tte determination of (PCP/H) than for P ~/fen, CP) or (P A/F) since the same data for (PCP/H) 

apply equally for gasoline or kerosene filled cells and for single-shot and compound hits. 

The factor (P fcn/CP), the probability that a round which penetrates the cell has functioned, also 

does not depend on the type of fuel or on whether there was previous leakage in the area. Consequently, 

here too it has been possible to obtain a relatively large sample size from the field firings. 

It should be emphasized that the probability of functioning does not of itself adequately describe the 

contributbn to fuel tank ignition of Ute functioning characteristics of the ammunition. This is true even 

when data is available descri::Jing the variation in the probability of fundioning with variations of striking 

velocity, spin, obliquity, target thickness and composition. Two types of projectiles may have the same 

probability of functioning but may differ markedly in how tl.e functioning occurs. Important differences 

may be found in the distance from the target plate (or wing skin) to the initial point of functioning and in 

the length, intensity and duration of flash produced. There is in progress a series of firings, proposed by 

Mr. F. E. Watts of A & A Division, Development and Proof Services, Aberdeen Proving Ground, of various 

types of incendiary ammunition to determine its functioning against dural plate of various thicknesses. 

These firings are being conducted over a wide range of striking velocities and for impacts on the plate at 

several obliquities. A short summary of preliminary results appears in a later section herein on results 

of supplementary tests. 

The probaOiHty (P F/fcn, CP), that a projectile which functions and perforates a fuel cell wall 

will ignile the contents, depends markedly on the type of fuel and on whether there was any previous 

leakage in the area. A study of the mechanism of ignition involves consideration of the striking velocity 

and mass of the projectile, the position, degree and duration of the in:::endiary functioning, the manner in 

which the nose of the projectile is blunted when it strikes the aircraft skin, the delay before spray emerges 

from the t'mk after impact, the degree of this spray, the size, shape and self-sealing properties of the tank, 

the amount and type of fuel it contains, the location of the impact un the tank and the environmental con

ditions such as altitude, temperature, confinement of space about tank, location of tank in wing, protection 

of hole in tank from the effects of the slip-stream, structural material which is inflammable, and the like. 

'":"be effects of variations in the factors affecting fuel cell ignition are currently being studied under 

rr::ore controlled :::onditions than are possible by the firing against aircraft targets. The progress made to 

date i::l these studies in indicated in a later section on supplementary tests. 

The L1st factur, (P A/F), is the probability that the ignited tank will cause an "A" kill on the plane 

(and simihrly for ''3", "C'.' and "E"' damage!. This factor depends on the amount of fuel feeding the fire and on 

the location anj fu.nction of the tank in llw fuel system. For the aircraft used as targets in the field firings, 

fires are 1ssessed by 0xpcrts fron: :l:e l\'avy and Air f'orcc as to whetf.er or not the damage is "A" damage. 

'~'he assessments -:;f dGtn_a,~e lo ai:::'raft on tl;e u·.)und are intended to be estimates of the impairment of 

performar.ce that V.'~·uld ::mvc occ·J.rrcd had tn:: :c.ircraft been in flight. :EO' or new aircraft, not fired upon, the 
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probability of a ki:l when a fire occurs is es:imated by the Ai~ Force assessors. This estimace depends on 

the location of t!:e tar.k ir. the plane and the probable setrer~ty oi fire for :he type cf ammu::1.ition or fragment 

u..>tde:r sL1dy. The p·obable sever:ty of fire ~n turr. is astitta:ed fra~ the field trials wh!.ch de:ermine the 

average amcn.;nt of leakage outah'Ced by the test amrnunh:on. 

RESULTS OF FIRINGS AGAINST FUEL CELLS IN AIRCRAFt' WINGS 

Incendiary Bullet Impacts. The r-esults of ::ieL:l. t:-s.i~s aga:nst the :?~SB cond:..:ded up :o 1 }ant<.ary 1'348 

a::-e preser;J;.'Ii f:;:r va:!'iou.s types of ir.ce::diary b~llets in 'Ieble r. The iisling- of the firtng records dcscr~b:ng 

damage in detail app;:ars ln Appendix D. Partial r>Jsults :;,.re included for lte cu.rren: series of 2008 yard 

fi::"i.'l.gs of CaL 0.60 a:1d 2Dmm ammunition. ;-t is expected tha~ the fl::al resu.l~s wHl be :ncorpora:ed in 

Table I and pret;er;tOO ir. a future report, as wl.E the final n?sults of the cur::oent ser:es of functioning tests 

against various tbi.ck.'!.esses ::r! Alc:ad at a num'tler of cbUquiUes and over a wi1e range :tf slrtking ve~x:Ues. 

The 'Iarious coditlor..al probabi~mas appearing ~n the for:::ula for P A , are defined as ratios in 
F F F 

":able I to :ndica:e t~Hoir origin. Thus (P F./fen, is the rali.o ss for si""1g:n-sh0:. fire, and for 

fer compound fires. Similarly, 

(P A/F) "' A:;. or AF 
ss c 

for si:"".gle .sh:): :;r corr.pound fi.:ree, respectively ar.d 

(PCP/H) 

(P fcn/CP) may alsc t::e c~:mrp4lod frorr.. Table: as the rati~ of "hits e.xclud:.rtg d:;.ds" to "ilits includ::tg duds··. 

:.n Table I, the ,ir:c uf Hre is designated ty both the angle Y, which is Lw in a ;10::-.lzonta: plane be:v.;ettn 

the Hne of f:re- and che bngb..:.dinal axis of the iusetag.e tEtd tl".e angle 0, which is the angle :hat the p:ane of 

the wir:gs :nakes with Lhe h:)rizor.tal. The plar.e of the w~n.gs is defined as the plane passing :hnugh the 

leading a.."'l.d trailir.g edges. "Leading edge up" ts refe:::red to .as a poo:::'Je angie :'::;r 0 and "lead~hg edge 

d®.m"' a~ negative. It is not necessary to disti.'1guiSh between positive and ::wgative values ::n Q because of 

Ihe symmetry in che horizontal pla:te about t.he long~:udinal ax:s for t.:tB r:ases co!:"lsi.dered, 

The results of firings against v:he:.- aircraft ty")ms ~,ave been tab:.::ated in B?,:WM 462, Graphs of 

~bese resJ.lt.s appear in tl:e presont report as well. The description of the ft;.el t'itnk installations for the 

various aircrafl t&rgets also appear tn BRLM 4f32" 

:Ja attempt at tho:::-ough explanatbn c! observe:i differences will be r;;ade at ft::s time. It is hoped to 

presBnt a complete slali.stical analys~s at the concluslv:; c:;f the firings, The observed resul!s a,;-e plolted 

in Fig'J.res 2 ttrcugh 25, Since some firings are st:E in -p:.-ogress, conf\de:we interva~s have not been shown 

on ~he figur-es. H~·ever, ~h~ sample si.r,es are im1icated at ea::-1; observational point &.nd so such :_.,terva:s 

may be- readily ;;c!"tlputei if desired. 

TLe P~38 was first± ~p?n fror:c two ::tlrectior.s, {l) fror:: the fror:.t, the Une of fire maldr.g an azim:.::thal 

:;ngle d ""28" ir1 the hor:zont!.'ll p:ane wi~h the lor-.gitudinal axis of :he- plano and a vertical angle j).,. 13° with 
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the plane of che wi~:ss, impacting the IJ\Rer skin, and:"') fr0rc be rear, wW:; G ~ ?0" agai:: and }3"' -1.3"; lha: 

is maKing an angle of 13~ wit!:: ~he place "f tM wir:gs and impaclir.g the upper ski::t. -:;-;ese t•No direc:tions 

were also employed in the ::'irings against f~~el cells ir.st11li2d :n otr::e::- types 'Jf a:rcraft. Hereinafter Lt.ese 

twD :iire::tic:ns are designateG. sim~~y ''front oelow" ar:1 "rear abe>v~;". 

Figure 2 presents the fraetior; of those rounds impG.cting ::>n P-38 wbgs, w'"::lcb functioned :o~s a result 

of ir!1pact. Func~i;ming ·..:as reco::"ded by proof dl:"ectors .and assessJrs both from c:.:servativr. of visual Hash 

and by examinatix cl impa:::t area :o:- characteristic ola:::kening an::!. charrir:g effects, 

For f:mcUontr.g, one may comtr:ne lmpa:::ts, witr; no rega::d as tc ·J!hether t:mKs W&::'e filled with gaso

line or Kerosene atld whet:tcr or not there was previous l&a:-:age in tr::e Wi:lg. Sirtce :to signU:cant dilferences 

were obtained in fkndicmir,g lor fi~ir.g f:rorr: t3e front as compared to tiring f:-om the re&r, tl:e "'esults for 

ths two d:reet:ons were co!n"oi::ed ln :<igure 2. Upnn tte completion of tr.e currem fundl0ning tes'~s :h;sc:bed 

ins :cater sec:t:m it •,;:i:l be poss'.tle t:J stWy the ~elatin.'l. tetween fu.tctior:~:;g on simple sheets of ale lad and 

::1ncticning: on t":e runre complex wing strr.ctllre. lt ~s possb'e to alter tbe sensitivity of smaL arms 

incendia:rjt ':;;dlets (which f:mction by cose f::-i::tion effe•:t: and U:us effectively i::c:rease ::nB prC>babi:Hy c[ 

proper functioning at the lowe:- striking veloci:ies. The sensUivHy may be adjusted lo give !;.mcU0I:'fng at 

!i clcser location on a specific targeL The Heinkel type target has been used for tr-is purpose in the pasL1 

A ::najor p::-oblen: is the defi:Jitlon ar.d desc:ripti.nn cd t:,e target to be encountered. 

The sanw prablem exists in part for hst".g' of high exploo~ve st,er:_, The M75 fuze ass:embted in the 

20mm, HEI, :t-.-ffi7 has shov.m erratic funcUcning !..'1 most phases of the fi.rlags against aircraft targets. 1'his 

is a relatively insensitive tu.ze whcse ftmctior.ing de~r;ds markedly :x: the lhi:::knens Of che target matm·ial. 

The ::-equirements f:tr consistent and proper fu::.ctioning :Jf a fuze for ~hi2 size and type of high e:xr:osive 

shell w!ll be d<;;rnonstrated in a foll0\1/lng section of: this report. • 
Figure 2 depicts t!--:0 ooscrved pnOatHUy of functioning for impacts en :;H target planes :::ombir:ed. 

?'fp;:.tres 4 and 5 shmv the observed pro':>abilit!es L:st p;-:;jectiles which Irr.pact on t::e projected area 

oi a P-38 fuel tank will perfnra:e the lank waE. A pr::.jec:Ee rm\y :mpact t:;e- prcjoctoo area and no: perk:·a:e 

a tank d~e to rico.;het or ir.suifk::ent re:na:::::ng velocity, 

:Fipres f:\ ard? present the ccmbined results fer firings aga1__.;_st the ?·3-8, P-59, A-35 a::d B-25. -:'he 

latter ~hree aiccraft were E:ll'l'\p:->yed os !'.lel tBr.k targets o: ~.he o::::e range of 500 yards. ce:I perforalion d:::es 

r.ot d-;;per.d on the typll! of fLel cr o::~ the presence of leakage from previo11s hits. Cl'ln.sequen~ly the gasvline 

and kerD>'ene filled tanks and the s!.tlgle sL;,t and compound !'.its wore combined for Hg'Jres 4 t!':rough 7. 

Figures S atd 4 shDW the cbBerved sillt~;le-shc: p:--obabi;ity Df obta:aing fires for g-asoline a'l<: f:>:r 

ker~e::le fillei ranks, Fer lhese figures, aU funcUoning t>Srf:Jraticne were c.;:mstdered for projectiles :m

pcting en previot:.Sly ur.Car.::aged eeLs and :i!: areas iT. which there was no ft:el leakage :be tc any reaS{Jr;. 

The data for :::rout :.clew ad rear al::ove were c:cT.oined. Figures lO and ll presBnt th~ ;;.:bserved compound 

probaO~lities for obtaining flre-s when perforations are ::>':::alned tLrough p•evlously damag£-d and leak~ng 

c;<ds (c:- cells in il regio.'l \n whic:"!.:c fuel has C.eHn ol:'served m:.tside the tanks :or any -:--eas?n). 

F!g·.:res 12 ~hrough 16 are a s~milar series wfj::h include non-fW1c:ioning 21its b lt,e nul'!'ll::er of 

1
Record of Army Ordna.r1.ce Research and Developmenl, Volume 2, Srnan .:..rms and Small Arms Ammunition, 

Bock 2, S:nall Arn:.s AmmtL'lttion (C}. 
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p{lrforo>t1cns, ~~igures 15 :.brcugh. :g also inc-,'Jfie non-functlonl.::g- hits ll: tC.e number of eel: perforations, 

bu: ~h" data from flrings al :1 range of 6:)0 yards have r.•)W been a'Jgmer.t0d cy i::clusion of fi::-ings against 

the J?-59, A~3b and E~25, 

It is interestbg at thts tic1c to present a prev~::ru.siy unplilllish-ed ;;Mrt, ?'igJ.re lBa. prepared bt· 

Colonel :R. R, Stuciler, Ord."laalCB Depar:.men:, depict:ng the prc::.abil.Hy o! ottatn~'1g ignition :m a Dt~inkel 

replica target. ,A, description of the Heinkel targets and the ~irings against them is given in the Ordnance 

Department ":T~ar:ual on Smal: Arn:s Arnn:.unitl:cm.
1 

A iyp:::-al E£>inkel repHca ana.ngen:ent is shown in 

Figure 19b. 

The difference which wl.H be rwted between the values g~ven in ihis cb.art atd the results reported 

in the p:esent st"J.d:; :nay be attributed to the difference between the Reinke! replica target and the P-38 

structure and ais<', tc the difference in conditi:l."lS of the experiment. For exaa:.ple, a slipslream was dt

rected ove?: the P~38 target but not over the HeinkeL 

~'itr.:res 20 t!rro~h 23 iL.tslrale the average single-she: "A" and "8" ass~ssmems given by the A:r 

Force assessors to cbe Vl:served fires. ':'hese charts are higtly erratic in the sense lhnt the graphs are 

not rr;o;:o~o!llcaHy bcreasi:1g with inc::-easbg stri;ring 'Je!ocity, Tte sa:npl>'! sizes for l!:sse figures are 

9 

th9 srr:aU~:st cf all since not very many hits res'Jlted lr. fires, ?hese figares are not the result of observed 

fact only, such as those described previously, bffi include assessor opinion, It s:tou:d be ren:embe:red tha~ 

tt.e strearn of air pro<nded aver the ;:arge~ wings by the slave engine !s ext!'err;ely effective in exti.,.,.guishing 

firss with external sources. The air stream over ll::e target wir.gs usually was from 80 to 100 mph and often 

after the slave eng:ne was shut off a !arge f:re wouW in:med~ately flare where previcusly only smoke was 

seen. Tests conducted by W:r!gh: ne~d indicate ~hat if a fire Ls not b~own out by t!:e time a plane is travel

ir.g at about 110 :rr:ph tben it wculd :tot be blown out at ax1y speed and probably has a.'1 irtte:rr:al source, pro~ 
2 

tected fron th0 air stream. 

Althoug!'. assessr:::en~s are r:;arle as l~ougb the aircraft W':'!re 11: actua: flight ttere :s obvicu.sly umch 

roorr: for .1iiferer:ce of op!nio:1. An atter.:p! tas oeen c:tad.a t:: determ~e che averqge c:fterence of assess

rnents of ~he same damage by haV~fl.J:r m:)re ~ha::: cue as.sez.scr give ~n independent assessment. The-sere

su-::.ts h::we ::1nt yet b,::en ana:yzed, I: iS :toted, ht.:>JI(!"Jer, :hat much damage is eitl:er obviuusiy no.."l-lethal or 

cbvlous;y ~e:h\<1. S:1::::h damage receives QA or lOOA assessments and constih:.tes ove:: 90% or the obse.:rved 

datd, ThG ''B" damage a;:ses.sments are t::ore re~iaole than the "A" assessmer.ts sitJC:e a is much ea:sier t0 

deterr:-;ine wbr-~her tnf:' damage is :ethal wil~:l.r, 2 hours chan within 5 milmtez, In thLS regard it is interesting 

lo n::.te th.at ma::y re?orts of b,tt~le damage susta:ned in tho last war indicat~ that fe¥1 aircraft rr;al ca-"'«ht 

:ire returned lo 8ase. The (P A/F) ftc:::tor in tne ca:cuhti.r:"n of t:te p:-oba!:Jill.ty o~ ''A'' damage due to fuel 

S'.t.>Stai.•v<i ':y 1ny target. a:.r::raft W1dGr stt::ly will m:ma:ly l;ave a dEfere::~t vaiue thar. is indicated in the 

Figures ZCl - ?.3 s~.:::::::e the seri:Jusr:ess of ·ere will depend on the lvcatlor: cf the tan'& and oa. the availnbiE~y 

and efficiency of fire ext!.nguishbg equipmer_t. 

Record of Army Crdn-ar.ce Resear:zh and Develepmem:, Volu:cH~ 2, Small Ar:ns and Small Arms Ammunition, 
Bc-ok 2, SmaE A:rm,s Ammunition (C), 

27SE:?P-144-1898, 11S:nt!lr.ary of Da.ta on FIJ>es and Explosions in Aircraft Fu.el Tanks," 13 Sept. 1946, 
Appendix I, page 9. 
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The observed p:tobabiaties of 0b:air.lr"g self-sealing as a function of strikir.g velocity are ir.jicated 

ln Figures 24 and 25 for gasolbe and ker::'lsene, :t shou:d te noted that bob the fracture d u-,e nose a:1d 

the t:Imb~ing of incendiary projectEes infh;.ence tr.e self-Maling property of tanks, j.fost A_mer!can se:.f~ 

sealing tanks have been designed to pr;;vent ''defeat'" by CaL C.50 AP amrnunltion. That is to say, they are 

ir.tended b etfect:.vety sea~ a specified number cl pe:retrations ::.y this c:.ahber. So long as the per.etratiO:J. 

of the tan.":: cccurs by punclure, as fro:n norma: impact ty a streamtJned bullet, f::ese tan%5 may scat 

CaL 0.50 ar.d often ever: 30mm prcj¢ctiles, H;ro;ever, so-called '"ph.:gging·· :.f the ':an;;;, whi'J::"e a piece of the 

tank is actual:y ;-emove::l, will t:sua'-ly r.esd: 1n its defeat .. A~ in(:ediary tu:lel may assi<Jt this "plugging" 

action by b'.lrning of rubber and by virtue Of the breal<-up ')f the nose, resultl.r:g in a penetratlo:r by a jagged 

bLml nose. Thus, too, jagged irreg-.t:ar fragments of :he sam~ welght as the Cal. J.50 bullet (abu.1t ?00 grains) 

will also rest:lt in plugging and conseqt:ent defeat of tte self~sealing acticn. The method whereby the nose of 

an inzendia;:y bullet breaks is s':fldng:y exhibit (Xi by a ser-ies of radiographic ste1d:.e;s condu::ted at Frank

ford Ars~at 1 • 2 

:n this report :rem.:.::s have ::,eru expressed tn terms cf striking veloc!ty l"ather ·.han gr;:.~;.nd ranga. 

:F~gttre 25a shows :he- relati.orrstlip be:weer. striking velocity and ground range when the 2-t:llets are fired 

fro~ a stationary g1:.n. 

Empirical Formulae. ?he usefulness -A the experimental data presented J.n lhis re-port depend_~, 

1n part, upon tr.e extent t.;) which it ::an '::e extrapo:Sted to designs o:: ammu:::t~on which have :::cl beer. fired. 

Empir:ca~ fornr.tlae :fitting t!'le eX?erimenlal data are an aid ~o such extrapolation. 

An empit"ical formula has t-een proposed by lVfr. H. K. 'Weiss t;1 fit the i...;fo;mai.:or" presented in 

Figure 8, the fires pet cell penetration, on P-30 gasol:ne-iilled fuel cells. It is 

wheri! 

l/2 l/4 p."11-3.2exp-1.1Yw w
1 r s p 

pf"" iires ~er cell penetra~ion "' F 
5
/CP ss 

v "'str1ki::g: ve1o::.:ty in units of lCOJ ft/sec • • 

w? ... pl."o:ectile weight in u:-.fts of lCOJ grair.s 

wf"' filler weight in units C: 100 grains 

As a typical example 3f the use of the formula, ccmsider the T36E2" CaL 0,60 rouaC str!k!ng at 

2100 f:.jsec. ?:J.e p:-cjectile weight is l: 50 grair.s and t~e fUler weight is 92 grains. Tte !::•:-mula yidds 

"'0.80 

The value from Figure a is c-.·:e, whic!J ::owever, is a clcser mate:< than. is ::mlatned for some of the 

other points. Figure 23b shows Pr comp-..:.ted fr~~ the fo:>n:nla fer the five incendiary and armor p:ercing 

rou.~ds of Figure 3. Atsc siw.vn ;.:; Fig«rc 250 are the experimentai pvin.ts gtven in Figi.lre 2. 

1FA '1'2161, "X-Ray Pictures of Current Productio.YJ. Caliber .30 Ml Incendiary Bullets ::Juring Perfc:::-:c:ar.ce 
Tests'', E. R Thilo, 
2FA R-321 1'X-Ray Pictures of C:.rrrent ?rodu::tion Caliber 0.50 Ml Incendiary Durir.g Performanc0 ':'ests, 
First Rer;o:rt", E. rt. Thilo, May HH3. 
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SUPPLEMENTARY TE:sTS 

The pr:ndpnl ''optimum caliber" tests nre nol of themselves sufficient if resdls are t0 be useful in 

the determ~mtion o: the vulnerabUity 0: future aircraft to ?resent o:- fubre ty;ws 0: amrmmitio!l. With 

r'?garcl to igniting afrcraft fuel ~ar.ks, it is part!cularly imp::.rtant t:;:. obtair, rr;ore basic data than could be 

obtsined f:-om :Jbservat:on of impactl..'lg projectiles ::m aircraft wings. ":'he probability of :gnl.Ung- !uel tanks 

is sensitive to cha.>1ges in type Of incendiary ft:.nclicning, fuzir:g of E2 shell and er.vlrcnmental conditions. 

T0 cbtain the neCBSsa:•y addiUona: data, a numoer oi supp:er:1emary tests !'ave bee:1. desig:Jed with more 

limited and spec:alized objecl!ves thaa the principal firlr.gs againsc aircraft. Wi:.h th-ese ~ests, it sho'Ji.d 

ts possible to observe t:1ore closely the behavio:o:.- of :he ~actors aifec:ing lgnitior. and to a~h:eve grea:er 

contro:. over significant variants. Some of ~hese tests a"e briefly dc;scr:bed :n th0 fo:low:ng pages. Tt is 

hoped :c present fd!y detailed repon:s after their completl.c:~.. 

INCENDIARY FUNCTIONING CHARACTERlSTICS 

7he:re is l.n progress a series of ilrlngs of incediary nn:mu.d.tion against \'ario~:s thicknesses of 

dural ?:ate for impacts at several obliq:tities. The purs;ose of these tvsts :.s to obse:.-ve (l\ ':ow the proba-

Ci1ity of fu."J.Ctionir.g varies with t;;?e o: projec~:le, thick:l?ss of :iural p1a:e, striking vel?dty 1 ot:iqulty and 

the ef:!ect ai spaced plate and (2) the <;:tara:::leristics of functioning, sm~h as LM p~!ticn of inltial f:ash 

a::er impaot, and t:'J.e length and the dura~ion r:r: nash. 

u:tra~high speed :::otion pictures are "J-Sed to give the duratior. of :'lash and stiH phctog!•npt.s yield 

detai:S regard\.r;g the other characteristics o: fu;,::-th::ring. Figures 27 ad ?8 depi::t two :ypl.cal observations. 

There bAve been fired tv date ln !.his pr(£.ram, at norma: obLiquity, the Cal, 0.60 API, T39, Cal. J.BO 

LNC, T3GE2, 28rnm :NC, M:96 and t!::e 20mr::: RET, 1,,:37 agair:st dura! pla:.e varying b thickness from .Of.!" 

to .125 .. and at rar:ges of 175, 400, 200 and 15CO yards. These same prcjec:Jles have a~so beer:. fired at 70" 

:from normal agaim>t d;;.ral pla!e o: .020" aad .051" at ::-l4;ges o:: 1'7:;. and 40J yards. 

A short .st:mmary of prelimir-.ary resul;:s appears '::::elow, 

:s:xt~eme Variations ('bser7ej ir: Incend:ary F-u."'l.-:-:tion~ng Tests 
Prelirnir.ary Results 

Funct~~nir.g Cha:·acteris';:c 

Distance :fro::n targe~ plate to 
"first sig:. of :lash ....... . 

;)istance from target pla~e to 
heart ;)f flash 

Varialion 

0 ft. to 10 fL* 
0 !1. tG 10 fl.* 

0 !t. to 14ft.* 

1 ft. to grea:ter 
t::;_an fiel.d 0f 
view which was 18 fL 

Daratlon of !lash when it did occ-cr ........ 2 to S6 mEli
secoE:is. 

*S:)rne ro:.mds did not beglr. to :.Un;cdon 0.r..til o:ttside the ne:d oi 
vlew .::>f the camera (lC ft.}. One vf these was viSt:.ally estimated 
as functioning 35 feet behind tl:e plate. 



L- 33 ma. ,, 
12. 

FIG. 27. Function of Ctg., API, Cal .• 60, Lot FA 16, after tJDpactiJig a 
.125" dural target set normal to the Une of fire and at a range 
of 400 yards. 

~,,.L 2.3 ms. durc.tion. 

FJG. 28. FUnction of Ctg., API, Cal •• 60, Lot FA 16, after Impacting a 
.125" dural target set normal to tbe Une of fire and at a range 
of 800 yards. 
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The :.~portancs of the :!'eSuHs :;I these :ests :)n inc&ndia:-y functioning cha:racterist:.cs c:Hm::>~ be 

C·r. the one hand, whe!l -::;ocrpl2d with tesls on :f,;ei spray emBrger.eo fro~ impaec !~<)l£e<J, lhey provide 

the designer of !ncend:ary a:r:r_c:u:'l.iticn 'l!~t:C the data lls needs to ·.:ndursta.'li the ·:Grla!JlE:y ~:-c the bel ceE 

:gr.ltlng ef!icien:::y of vt~.rL,us types (If incendiary ·~r-=.llets a:\1 a moans :or prediction :>: perfJ.:"oance befo::-e 

cvstly tests against .fuf:'l eens are pa:::formed. Also, tests such as th.::!se r:1ay re·.:eal m1,;c:.: rnore c.xJ.cerr.i_"'lg 

the p~::J::,sblu Gfiec:tivo2r.es.o' of a let Jf in.:.endiary ar::muniti0:1 •..1.p for- acct?pLmce, than firings against "epllca 

fu<el cell targels. TP_at this has been a m&jo::: ;;oncern of ti1.e 'Jrdnance l)(~partr.:ent dur~ng the war is evident 

from the imp::rrt.an:: ~ests cond1:.e:ed at Fr.Mkfcrd Arse:1:t: and at Aberdeen l'J scu1y Um rr:.echanies :Jf i.gnitior. 
1 " --. 

and ir.ce!ldiary f:mcticnit:.g. ' z., ~ 

For he may taKe ad~-a::11Bge .Jf :his var~a'J:lity in :nc0ndiary funct~:>ninl: ad arra:-,ge lho t"J.e~ tanks :::o tb101l, 

'lnder monl cond:tivns :Jf attaci<:, l'::c functl<;::lng: wit uccur withw ~Le vJ.r:k ralher thar. :J.ctvJeen the skir: and 

:ho tank. S::;me dtsta:1c0 bBtween sk::: 8::10 nilk is acNisable SG lb.at peta:ling 8f Uw sk~: at'O\l!Ki lhi? impact 

hoLe: ls kept irJm hoid:::g oper. a hole in tf.e tank lEld prevs'l".ting sealing. 1: is uitfcr:u . .>laie :hat tne p:::e·Jsn-

tien of ig,,i\1.6n :::f :''J.el cel:s Ly fn.Gr:::ent i.~:--,pact ind'.::.ates a need br greoter C.l.star.ce betV:Z"f'tl skin and 

tcnmon, a 2hoi::e of d&slgn will ·.hus depend loa §'?eat $Xlenc on the type ol attack exp0eted. Eom':H:ws tcmk. 

F'U"EL 1'ANK SPRAY STUDIES 

Igniti:::>t. of fetal t.ar.l;s by ~.rt:endiary ";uLe! :mpa"ts .::e) ow tf_e fuel iev?~ occurs on tfte ·x.:teide d the 

ta:;-;k where th0 v·T;::,r-air mixtur8 Ir; lean en::r,;.gh br ~.;rnLn.;.s:::::m. TnE' in::r.ndl.±:-y projectile wit: .r.ot, wH"'. 

prese:~t incendiaries, eom.Se a li.!1l by ~g:'.i~ion ·.vith!n tt:c f..:sl t.cm,.;: :;clew the fuel le-.:cl, ?:10 incer:d~a::-y rr.ust 

r:;r..intaln temp~rat-:.tres above the ignition tenwera:ure of the cvmbu::tible vapwt-air n::txlure resulting on 

t~~c outside 0f th; t.ank ;;s" :csult cf the perfo:<>tion 0: Lhe tar.k wall. 'This 1gntti,,n tor.:;;:e!"atur-f:l m~st be 

msir:t-Ol.::nc<i br.p: enough lo igr..i.:e chc fw:-. sp:ray e:r;erging fr.:;m :he !rnpe~ct :.ole. "T;:e "'-Tk:1sness o: t':ie 

resulting flrt d"'?end.s th.e::eaflcr sn tl",e ar!:·:)Wt sf f'.I0! feeding the fi:;-e anri Nmce 0n t!">: degroe of iiecf

seaJ.ir,g. t)!:en the ~nitial ignilkn burns or cchars lhe tar.k mat;:>rlal to su:::r, an extsrrl 35 tc dct'ea~ ~he sel!~ 

·:e::lli::g of: the c:n%. ':he study of :he dtnti::m ')f inc?ndi.a:ty flashes {and :;;lsc ilr1tsf;es ':"'esu.ltir_g frc::n f:·:w;

ment lm;n·~ts~' si"::;;t:.:d th.cr•Jfc:-e be supplernonte:l Cy t::e ctudy of spray emission from Lcl tar.ks aitiJr 

im;oa:::t. 

' 'FA. R ~bW1 "High 5p€ed Mo:.: OL ?icture Study vf Igni:!on of Ge:;-r::a:t Type Self-Sea:ing 'I'ar.k:s Placed to Rear 
ofHeL;kel Fi.ep:ica ?arget", E, R. Thilo, Nov. 1944. 

" .:'APG FR S-39192 - O,P. 5:374, ''Tc f.rr:;ostl.gace the Ap;;licaU.cn of High Speed M<Jtion PicturBs to ~he Stt:dy 
Of Flash and ~ank Ig:::tion Character:s:ics :-f -:=:a:rtridge, ln;;end:ary, CaL .SO Ml. 

' C·The l>J::>liography and descr1pticn Gf inc.endir.ry researcb m:.::l deveJr:prnent c:x1lained tr. the 0::-dn:mce 
D>Opartrnen~ Record Qf Research lli"1d ::JevB~:lptnDnl in Small Ar:ns Amm'J.nitionloc. ;;i:. 
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The fact ~bat fuel ta.t1k ~g:JiUor. usually occurs us a resdt of ignition of the vapor air mixture on the 

:::rutsi::ie of the tank has beBr: ::onsiderecl by the Al::: Materiel :::::ommand at Wright Field ir, their design of 

' -!'J.el tru:k i."lStallaUcns, • by t:'l.e Ge:-mana in the:r re::on:n:endatio:::s for improve:i weapons for use against 

aircra~,2 a!:.d by the 0::-dnanc£> ;)rrpar:ment ln desig::t ::Jf ::1::end:.aey ammuniticn. 3 

?he hrmati::a: ar:d ignition of l!.q~:_~d sn:rays from experimental :anks !:as !::·2en stl..:.died by t::a 

Britist.4• 5• e, 7• 8 Unfortunately thie work, so exccl!enlly begun, does not appear to tav>2> been cor:tinu>?d 

to yield the delays before spray emerg<:!nce as a iur1ctior: of mass, striking veloc!ty, type of tar.k and t!te 

degree lowhich il is fllled. A study to determine the effect of these variables on the liquid spray hae 

been initiated at Aberdeen and recently at !.he University of Denver by contract from the Ordnance DepartM 

:nent. Suitable pictures are obtained by use of sunlight, but equipment permitting use of an !ndoor range 

has not yet teen available for t!lia test. 

T:t cbtain t::e pict'Jl'es of ~he liqu:d spray, a se:;-ies of ultra-l:tlgt speed :r:ctian pktures (aC)ou:. 

4C0C :rames pe:r secr.nd) were made cf the bul:e: i:npact :nto a watel."-!nled seJ.;-sealir.g !ue: tank. The 

carr:era was p<aced perpendi,:;ular :.o and appr~x:ru:±tely twen:y ieet to one side of tte :ine of f:re at a 

pc:int even witG tfw face of the f·:.~.el eel;, Two :mirrors. one above a:1.ci 0r.e Oelow tt.e ~ine o! fi::-e, were u.<;eci 

co reilect mmEght onto the imp:tct $1)rfnr::o of the tank and to illUEi!nate a tv.ro bot distar,ce ir. f::-ont cf the 

ta.'lk, A black backgr(:tund was us.;d, The camera ar.d lighting ar:ra_11gemen~ is shown in Figt;.re 29. 

It had earlier become apparent, from a series of microflash pictures taken in preliminary tests, 

that not all self-sealing fuel tanks were suitable for use as targets in liquid spray studies. Those tanks 

with ::-elatively th:ck outer layers '"f '~0la.Sti¢ or other non-rubber UHtlerial included fer structural strength 

were r.ct s:.~itable fer spray tesls with tt.e present photographic ted.nique. This iatter type of tank con

struction ~s fa;r:y typ:ca: of so-cai:ed r:gid, "cn-me~alHc tanks. 'The so-called coEapsi!:l~e tanks usually 

f.ave 2 layers of raycn fabric or. :he oo~side. :'hese however, are usually quite :hin compared ~o the outer 

layers o:· be rigid ~ank. 

1TSEPP-144~1Bfl8. "Su:nmary of Data en Fires and Ex?:cs!.ons :in Aircraft F:.tel Tanks," 13 Sept 1946. 

2Ministry of Supply, Reports and Trsnslaticns Nc, 335, 1 May ~1:'147, ''New Jv:ethcds for the Improveme:'lt of 
Anti-Aircraft Efficiency/' by Voss, 

3Reccrd of Army Ordnance Research and Development, Volume 2, Book 2, "Small A:rms ArnmunU!.on," Office 
or the Chief :A Ordna.")ce, Research and Development Servtce, January 1946, page 5'7. 

4 A2 7290. SIMR E~44, Jan 1945, "Penatratio.'l of Puet Ta.r.J<:s by Projecti:es. L Fo.rrnaUon and Ignition of 
Liquid Sp:ays," hy R. C. Grimshaw, 

5 AC '7363, snm E: 4fl, Fe::· :945, rr. "Formation of Liqt:id Sp!"ays, Sr:.apshot ?hotography," by w ... c. F, 
Shepherd and V. 0. Eady. 

8 AC "'865, Sirvm. E146, Feb 1945, U::. 11Formation of Liqdd Sp:-ays ~::-c·rr. Experirr.ental :'ar.!"..s," C·y 
W. c. F. sr.epte::-d and\!. 0. Hardy. 

7 
SH.ffi E153, June 1946, N. "Characteristics of the Sprays ?toduc.ed by 0.303 In. B;;.llets in Stable Flight," 

by W. C. F. Shepherd and V. 0. Hardy. 

8
sr:MR El55, June 1945, V. "Liquid Motion Set Up by 0.303 In. Bullets Fired Downwards ~nto Fuel Tanks," 

by W. C. F. Shepherd and V. 0. Hardy. 
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FIG. 29. Ultra-Blgh Speed Camera set-up for Pbotograpbi.Dg tbe After Effects of Bullet Entry into Fuel 
Cells. Mirrors are used to reflect suoltgbt onto tbe face Df tbe fuel cells. 
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'The Goodrich B-25 bomb t:;,y t.ank is a rigid type tank with a thick outer ply of fabric, 1'!:e results 

of f:i::ir:g lnto an err.pty Good::-lch taoi: with Cai.. 2,5C ball ammun~ci011 are illustrated ln F:gu:-e 30. The 

pictures were tak.n a'S 4800 frames per se ~ond. 'The Ersl two strips S!l8W the !::ulte: l.r:::pact and the S'J.c

ceedi.tlg 11 frames. E'.ridently a spray of ~ank matf;rJa: ar:;::ears in less than 1/4 millisecond a:1er impact. 

Strip 3 sh::JWa t.:.e appea::-an::e of this spray :2 and 13 mit:iseccnds a!tt'!r :mpact. Str!p 4. shows :he spray 

aftur 4\) rnilUsecc:~ds. The maxin:um spray aJ::pear-s iL this st:·ip. Clearly, th:s type ci lan'r: is unsuita~ie 

for a study of liqaid spray withou•. major modlficatlor: of ~ech:;ique. 

Figure 31 shows the res;.~its of a si~!iar ir~pact 'Jr: a."l e:::tpty U.S, Rubb<:>:> B-25 bomb Cay ta:::k This 

tank l:'.as a relatively thin outer fabric :a;,:er. '!'he ;:tictures sh:)w ttat t::Ls tank wo-.1:.d be suitable for liquid 

sp::-ay $h::.d!.es, since 3. li:t.:iled amottr.t o{ spray appears fr;-,rn the tankwa~L 

Strips 1 ar::i 2 cf Fig-.1re 32 shcv; the results 0f imp,::_ct by CaL 0.6.0 ::.an amr.:unUion on ar. er:r.pty 

replica Heinkel tan.k made tn this <::ount::y. This tank does not Cave a t!llck outer piy ,_;;f fabric and tilere 

appears very little spray from t::(.; tank walL Strip l shows lf,e Lmpact and strip 2 is a cypi.ca~ of all the 

succeeding frames. 

Btrips 3 and 4 o! Figu::-e 32 and lhe strips in Fi5U::-e 33 depict tte results ci firing ~mo a wa:er-filled 

'Ilei:titel repJ.;.ca tank, T~~ liquid spray Hrst appears as shown by the arr:;r,tt :n $~rip 4 of Flgt.re 32. ';:'h:s 

was at the 29th frar.:e or about 7 milliseconds after impact. The d<:vel.cpme:::t. of this spray 1s si';r)V;n in the 

strips of F'igure 33. :n strip 2 of Flgt:re 33 a second spray is BVident. This spray comes from the tank 

!llle:- cap whk!l !"UV:urad as a resul: of impact. 7he maxim:.~m d£:Velopmenl of tb.e visible s~ray i.'1 :E<·tgure 33 

is abo:n tw:> feet. 

rt is expected that the results cf. the series of fue: tank sp::-ay tests wit!?. buLets ar.:l fragments ::;f 

various masses and str!king velocities will be of great value when coupled wlth fragt!lent flash results and 

the incendiary bul:e: :functioning tests C.escribed: earUcr. A:So, whereas the photographic observations of 

i!lc.endiary bullet ft.u~ctior.ing may be a va:uable l.echniqu<? :for ev-al:lating production lots of incendia~y am~ 

:nu.'1iti:m, the ph:)tograph!c observations of f.:el ~ank behavior urcn t.;.:.~h:t 1r:1pact may greaHy assist the 

evaluall.or.. of fuel tanks presen~ed ~::r acce~tar:ce testir.g. 

EFFECT OF IDGH EXPLOSIVES ON FUEL TANKS 

'E'i:rings of Care T!'J"'l' -:ha::-ges both withb and ::n t~e oc:tstde o~ gasJline filled fuel tanks have been 

nearly completed. Fer bare T!'7r C:::mrges it appears that as :much as oc.e p::>und of T~'l' pla;:ed at the 

geometrical center of a gasoli:Ie-Hlled B-17 feeder tank will completely demolish the tank hut will :tot 

result In fire. The ::::west weight of charge usee was 1/16 pound TNT, ThL.o; charge a;.so caused ieakage 

hut no fire. A one pound charge of black p7.vder W<'IS als~ detonated within a B-.':. 7 !uei ceUr on the theory 

t!:at the slower burning bla:::k powder shou:d result k ~emperatures above t:le ignition tempera~ure at ~he 

ou+.slde of the Umk w:::ere a proper vapcr~air m:xture for ignition would be found. However, t:-.W cha.rge 

likewise resulted i:':. leakage withoot ignitiR"', 

Tests have oeen conducted t0 determine u-_e effect of static firing of bare TNT' charges pla::ed witt:..."!. 

E ~17 wi::gs but at 12 dH:':eren: distances :rom fuLy lead~ gasoline fuei cells. Tf'.e wetgh~s of charges used 

at these respec:ive pos:thms were separate~y ir.crease-0. at eac~: positio:; un:a a fire ass~ssed as causir...g 
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FIG. SO. Bullet Entry into Empty Goodrich Bomb Bay CeiL Strips 1,2: Point of impact tbrCQgh 3 mlllt
seconds. Strip S: Beglnnlng at 12 milliseconds. Strip 4: Beginning at 40 mtlllseeonds. Arrow 
denoted emergence of spray of tank fab:He. Ammunition used: Cal •• 50, Ball, at 175 yarda. 

4'7 
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FIG. 31. Bullet Entry into Empty US Rubber Bomb Bay Cell. Strip 1: Shows point of Impact. Strip 2: 
Begins at 2 milliseconds. StripS: Begins at 6 mtltiseconds. Strip 4: Begins at 17 m11Useconds. 
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FIG. 82. Bullet Entry Into a Heinkel Cell. Strip 1: Impact into empty cell a.od first millisecond. Strip 2: 
Begins milliseconds. Strip S: Impact into full cell. Strip 4: Begtns 6 milliseconds after impact 
into full cell. Arrow denotes emergence of spray from Impact hole. Ammunltton used: Cat. .50, 
Ball, at 175 yards. 

49 
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FIG. 33, Bullet Entry into Heinkel Cell. strip 1: 12 milliseconds alter impact into full cell. strip 2: 
Begins at 24 milliseconds. strip 5: Begins at 29 mtlllseconds. Arrow "A" denotes emergence 
of spray from f111er cap. Arrow ''B" shows later spray from flller cap. Arrow "Cn denotes 
spray from point of impact. 
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100A damage resulted, In no case, hC>Neve.::-, was the weight of c':".arge alluA'ed tc exceed the weight suf!:1cien~ 

for a kiE due to st::-udural damage, At eight positions out ;,f the twelve, approximately half t.he weight o: 

charge required for "A" stn~:~t~al damage was sufficient for an '1A" kill due to fuel celt fire. In the :Jther 

4 cases, r.c fires resulted from ~barges s:naller than those ::"equired for str'.lctu.rat kills.· Tests with ba~·9 

charges in a number vi different positions on the outside of the wing skin are novt L'l progress. These po~ 

sitions s:mulate those ob~ained with superquick fuze acticn on an HE shelL 

STATIC PETONATION OF 20MM HEl, M97 

In crder to study the a'Jility of a small caHber high-exp~:;slve i"l.ce:~.di:ary shell to igr.ite a fuel cell, 

t~.e 20mm HEl, 1<!97 was statically detonated. in various posi:ions on the outside !n tLe wall, aw:i on the i::t

sid<'l :::f gas;:;ltne~fmed fuel cells. T!:!e shell was statically detonated s~:j~e the M75 fuze g~ves er::-atic fun:::

Uon!..'lg a.--:td the posit: on of fmctioning l.s important tO fuel ~ank ignition. The results tor this shell when fired 

a~ various ranges are pre.se:tted ir. an earlier part of this r-eport. 

The results of :he static detonationz are shown in Figure 34. It is evident :;hat the stan wl~lignite 

a gasoline~fille:\ ;:ell thrJugh but-'> small part of its palb, namely where par';, Of the shellls in the tank waiL 

The shell detonated in some positio:-..s outside :he cell wall did n.Jl even result i:t leakage. Those ineide 

tile eel: and adjacent to i:s wall caused :eakagc bu! no fire. One shell detonated in :he- center :Jf a B~1'-, 

main tank did net cause a."ty penetration of t!:e tank waE. ft is important to remembt:r that kerosene-HUed 

tfL-'lkB will generally be more difficult tc ignite t3a-"1 those filled with gas cline, 

l: is evident 'hat proper fuzing is vital tor a small caliber EE::: shelL A fuze which shews p:roe-:iSe 

of being de\•elJped b function in the wall of a f:.tel tank is the Ge..rman hydrodynamic fuze, AZ-9501, which 

' has beer. the s:.tb]ect of a carefu~ study.-

EFFECT OF HOLLOW CHARGES ON AIRCRAFI' FUEL TANKS 

Eoltcw charges cf vari:ms sizes are being fired against 3-17 wings with gasoline-loaded :fu.el cells 

and also againSt bare fue: cells. Tje obje-:?t of the tests is l::> d~termine the effe('t of we:Lght of explosive, 

type 0f liner ad star:.d~off distance ugalnst va.r':sus types of :fue~ tanks. Jetailed analysiS of results 

awaits :he corr:p1eticn of tf',c firir:gs. An cut line of results to date foaows: 

The U.S, ~:avity Charge :.1k 11 was filled with .'305 g:-;llns :!.'50/50 ~ast per.tv:ite, wi.th a ~5 grai:I 

tetryl ':JO{)Ster, drilled fO:' Engkecr's Spsdal BLasting Cap. The charg•~S were pia~~ed in conta:J witt :h.;< 

ext8dor surface :)f the t:>p and bolt;:;m skir:s and directed towards gascHn'?-lc2ded eel~. Fifteen e>f the 

Mk rt charges have beer, thus <ie!onated at varicus positiO!IS on !he B~17 wing, Cf these fE:een, l':ree re~ 

su.lted ia smaE fires fe::i ::>y leaking fuel, three in fbsh fires which extinguishe<i thec:.s2ives, 4 iaw::n~self

sea~ing leaks and 5 ir: sell-sealing leaks. Tnis one ir:c:1 dir.meter chart;e is of r;-:xssible :.~seas a daugt1tcr 

pellet from a ':',~ssHe warhead and will not be tesled at icng sta.TJ.::i-Gif from wing s!l:in. 

~BR L11 479 (c) ·'EXperimental Study and Appraisal :Jf the Ge::-I::~an Hydrodynami~ Fuze AZ-9501," by 
L, 2ernow and J. M. Regan,' 
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P:•:xposals h:we bMn maCe :f-:.r the inc1usicn cf hollow charges in a sr:naa caliber proJectile to fl1•e 

ba::k through the base after the proje.:tile has penetra!ed into the fuel tank. The :\fk !I cha:-ge was 1eto

nated en the ins~oe of lhe gasoline-filled !':.te! ceEs a: stan.;~;~ff distances from the !.ank waH ·-::>f from :T to 

211 • In eeic:: CJf four trials, large le2kage rest:.lted. Hoxever, t30 fu>?l was not ig;Jfted in any in"!t&r:.ce so 

that no irnprcvement ?JBr the perform:mce of bare TNT :::harges is o.widen: wHh hcEa.v charges of t!".is size. 

Th<:• U.S. Navy Cavity charge 1Jik I (.'74 tbs of t:J/5(: Pentoiite, 2-1/4" d:ame~er: v;as ala;) detom<led 

wi.t!".in gasoline-HEed fuel ce::s. T!:esc charges, zt :star:d~oH dis:anc.;:s of r:J' tc :~" each :-esul\ed !n :arge 

fires and compl~te des'.r:.tdion cf the tar:k. Firin[S within tanks with intermsdiate c':Jarge Ciameters ure 

p:anne-:l. 

TheM£ l cha;-ge was a~sc det8nated s.l respedive stand-:Jff Gistan~es of 10 feet and Hl fen :rom 

bare gasoHn&-f!Hed c~ells wilt h:ge fi:te resulting at the .:;l::ser dU:tance and :arge ::en-self-sealing leakage 

resulting 01:. both distances. 

The t; .S. Navy Cavity Charge ivlk III (1.4 lbs 50/50 Penlolite1 3" diameter) was detonated 16 times against 

bare gaso:ine-f!llecl self-sealing t,;cl tanks at stand~ofi dis!,;:w.ces o! irnm 10 feet to 180 feet. ::_arge fires 

were always obtained at distances >.:p Lrroug:h 30 feet, and mixed .r;;sults :n the :egion fnm 35 fee:: through 

30 feeL 7he detcnat!.J!: at lOC feet stand~e;tf res:>.:ted in ncn-self-seaJinp; leakage belt no igniti'm. ~h:s 

same charse was det()Hated a gains:. gasoline--filled ::Hf.f-sealing fuei ta.-,ks with a she>?{ af .102" 24Si' D-c.ral 

placed 1 fL ir. front of the tan? and perpendicular lo thu Et:e of fire. At d~stanc>";O: of 60ft., 75ft., 'lnd 

lJO ft., bere we::-e ostnlned one, ::me and t!-,ree la!'t;e flres ::'Erspective:y out :::>f :be same nun~ber :::>f cha::ges 

detOJ<ated. <\t 15(: ~·eN, 2 srr.all fires o-J.t of 5 charges were obtained and at 2JCl fL, lhe ::,r,e rour:.d fired to 

date ::&suited in sligh~ s0epage c: fuel, b4t no fi:-e. Furthe:' fir:r.gs with this cha::-ge are in p:-xess '.c de

:ermin0 t:<e sensitivity cu::v~ fur :gr.ltion, n is interesting to note thB: firfO's have been cbtai.nei at dislru:r.::es 

where the ;et spray Lss diverged to ab<:>tAt 2 feet in dia:neter. 

Five rou_ryds WS':'? also fired with the rocke~ warh¢a1, M6A3 (t:azo'Jka, .5 lb. Pentoli:e, 2" diarr:<:J~er). 

Large fires were <:'"::;;:;;.lMd up to 8 feet stand-Gff and nJ fires beyond tha: distance. 

Firlli:;s arH a-:sc ·:!onte!:iplated w~lh lcng s:and-o:f distances for :5 and 40 :b. hoHct•, chargo -_varheads. 

FUEL HOSE 

In ganerJl, tf,e fuel h:JSe on ~he target aircrai~ has been easily ignited, especta.l:y wf<en undor pres~ 

sur1e. Th:r hcz'' was of lT.e self-sealing lype b-J.t m:ily haxe been especially vulnerablH beca'J.Se of agl~g. 

:1 is underst~od U:st non-.seE~seaE::::;s hose :s presBntly pls.nr.ed for r.e·N aircraft. A :recornme:r::iatiun to 

u-J.s effeJct w:;s mad'ie as a result of re::.ent tests at VJrigLt Field,- AH$.l'lt;emen~s !:ave bee::t .::ornp:elBd for 

the proc::remcr.t of suff~c:enl lE'r:gt!Js of new hose fer test,-; at Ate::deen, of ~cth setf-seaiing and nor.-self

serdlng types. 

1rv'fCREYk'-5::14-1829, Power ?lant =-.atoratory, "Evaluation of Resistan::oe of ld_rcrafl Hose to High Caliber 
Gunfiro!'!," 24 Febnary ~ J48" 
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STRATOSPHERE CHAMBER 

Tes~s arc pla:u:ed to study ignition at high altitudes in a slratosphere chamber, available at Aberdecr., 

within wi'Jch il is plnJ'.r.ed to conduct the tl'!sts at pressures dowr;. :o abod :/10 of ar, atmospl:ere and tempera

tu:re down to -55" c. In this cha:nber it will be possible to study fragment flash at h~gh altitudes a."ld the 

ignit!DI: ?f spray under laboratory conditions. The feasibi:ity Cf croducting ac:ual gunfire tests agabst 

gasoline filled ta.."!.ks in the chamber is still ur.de:r stt:dy. 
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APPENDIX A 

THE MECHANISM OF FUEL TANK IGNITION BY INC!NDIARIES• 

"l-.e purposG of tt:is section is to discuss t!:e ;,;en'"ra: problem of ft:el tank ignition acl to apply the 

data to the air0orne a:r~raft. The ter::n, "fuel ~an& ignit:0n," inc1ud~?s bet:-, explosions and fires. E::xplosions 

cc2ur if t!:e ratio?!" fuel va:lO: to at: is wm-_,_'n certain limits, :::3escrited later. Fires cccur if tt:at ratLJ ls 

higher, :..p t0 a certain value. 

The r'J'mds 0.is:::ussed in the ear Her parts of this repor:, piei'Ced the fvel tanks both above ar,d bei:rw 

ll:e liquid surfac.:e Ji gasoline alan a:nb10t:.t temperature ra::ge of 32;ti"p to 75.Z~.F'. (Average :::onthly tern-

full fuel tanks were us~. The !irlngs were wade agai;wt 

tte target on the gr:Y;r.d. A s:v.;ulated slip $lre2m of npprox~mately 80 miles pe~ hour was produced by 

ar.otr.er aircraft. ;:'he ::Ia mage was assessed as thcugh the s.irplane were air-oorne. Tlie resul~s are re~orded 

in ;··-lpres 2 :c 8r! in tLe first part of this report, 

Fsr the p:.1rpcs'~ r::f discussio::;_ lnl.s :see-tlon iE divided into two C::eadings: Explosions and II. Fires. 

1. Explosions. FJr an explosion to occur within a container, the :;:oncentrati<:<l of fae: vapor a:td 

oxygen mus-:. lie w-:thk a dei:idte r<L:tge. A C')esiderab:e amount of work ~.!ls beer: done in this fiel1. with 

180 oct9.ne (gasulir.e) AN-F-48A ar.d (kerJSene) AN-F~32 fuels. Tile re,:nlts have teen summarized 

in p,J.1C Wright-Patterson A?'B Men:o Rcp::>rt. 
1 

In this sectbn }P-2 (kerosene: AN-F-34 has bten excluiOO sin:::~ this L:el has beea repla::::ed. by JP-3 

(!o:eros.:mei .i\N-F-53 with ::ha:racterlstks somewhat eimUa::- to 100 o:::tanc gasoline. As yet r,c. study has 

ceer. r.'ade cf vapor pressure 'l~r:sus temp0rature O~" of explosive :nlxtu::es wttr" chi..s fuel. 

L"1 :5'":!;.tre 31:, a pk·~ is given of the t•mr;>erataes vcrs'Js :otal pressure (altitude;, for the 7#o lypes 

of fttels, IP-1 ke.:-JSene a:1d IOJ <>:::lane gasJllnc, \C:ot:ed cu:ves), ?tt? data were taken from AMC Memo 

Reporl. 2 7h<::se curves ar0 env<lJ.t,pc$ {;fa large numte::- of sirs~lar cu:v-es rep::-esenting different samplir.gs, 

Within ea.::h of t!Je >no envelf;pes w&.s super:r.1pOSPd a curve <:A ~empora:ure: versus pressure {sdid c'.lrves), 

The da:.a for JP--: ker:-sette we:re :ake:: !::-or:1 the AMC MB!':lO Report:2 The data ft~::- lGO odar.e gasoline 

we;e taken f::-r;m Hq. AMC Wrl.ght-.Pat:erson A?B Me:7!c ReporL 3 

1Eq ATv::C, 'Nrigl:t~Patte::-sor_ AFB, Memo Report Serial No, TSEPP-144-1696, HSun:nr.a:-y of Data vn Fires 
and E::q;;,:osions ::.Combat Aircra:: tuel Tanks," 13 Sept :946. 

2
Hq AMC, V.fl'ight -Fatt-orson AFB Me::;.o Reprt Serial ~;o. TSEAM-M5204, "Inflammabi:.ity Range of J, P • 

.?uels i'~C'S. I>J?F 45-6, PPF 45-7 , F?F 4D-2t; 26 A'Jg :946. 

*The evsluatior; ::;! trw vuLnerability cf fuel installations in :Jlfferent types of airc:raf~ ".Vhich have no': 0een 
use-d ::1 firing tests and with types of ammuni'.L.Jr still L-: design stage req:~:res an Jndert:b:1Lding -c;f the 
mec~nnics cf fuel ta:-,k i~.;nition, This ~s espec:aUy true !I the effects: of aaitude a:ld temperature are to 
b'O" proper:y included, A prsEminaf'y survey of the :iter8_tuN has been made ty nr. A. Christy, of Pro: eel 
CrtCF..E, d:1ring a w':lrki::lg visit tJ tho BaUstk Research Lat:xato::'ies and by C. F. L. Mohr, :v1ajor, USAF, 
a:ssigncd to the 0ptimL:n CBliber projoct. The ::-esult;; CJf this survey wi~h joint comments by Dr, Christy 
and ; .. Jajo.r :,rohr :.rB pr&ser.red. 
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The explosive mixtures fo!' J?-1 ke!':'!Sene (Figur<: 32; and fo!' 180 octant: gnsolir.e (Figh.re 37) were 

ohta:.ned from u..npnb:ished V?q:::Jr press:.~re curves of Ma-.erials Laboratory, Chemical Bra::ch, Wright~ 

Patter-son i\FB. At 14,7 p:;w:;is per sq. ~::':. press1..re, the ,:cmposition of the explosive mixt:..<::e for JP-1 

Kerosene is rcugh:y between 2% (A) and 0.~% {B) by vclwne, The ~c::-respondir.g com;;::;sitio:I for 100 J::tane 

g"-soline i..": ?% {C; ar.d 2% :ol by volume, 

li shculd be stressed t:.at these Clo.rves of expLvs:ve mix!x.res were obtained in the laboratcry under 

fixed aad controlled ccnct:tions with a spark cf a Uefinl.te du.ration i.niliating the exp~osion. H'Y»OVer, when 

incendiar~es are uo;ed to i.::itiate :.be ex-plosi:m it was shrr,m1 
that explvsior, :J::curs w~:h consid~rably leaner 

m:.xtures ~han tr.cse ind;cated ln the curves of Figure $5. Using CaL 0,50 ince:td:aries with JP~: ke:rose.ae 

vapc_;r and 8~ miXtures, explosions OCCI.l:r at sea leve: at tempeutares as low as -20"F, -whereas U:e cttrVes 

of Fig<;.re 3~ si'.ow tl:.<:lt no B::<plc-sions S!:.G'llld occ~ at sea :eve1 bel:>w 96°F, The d:screpancy Of the lower 

:lmH f;::.r 100 octane gasoli:Je is not as great. 

Jr. od&r to assess whether or not explosions may occur under comba\. conditions, the ~emt~erab!"eS 

::md total p:-essure-" ::rf the fue~s within the !"J<?l tankf: r:.ust be k::.own. Tests were perfo:rr::ed at E:ythe Army 

Air Fielct2 ~o je;;erf!l::-te the !.ag belwee:r. amb:er:.t and :fue:. tempe:ra~ures fer seve1'al. types o: airborne air

craft. :'wo cf these c'.U'Ves are ::-eprodw.::OO Cere, Figure 3!3 for ascending B-24E aircraft and FigureS? for 

?-38G. Oo these figures, altitude scales !:ave been supsr:mposed or: the an:btent temperature scales. 

Tempera!Jses :for various al:itudes were obtained from the U. 8. Department o~ Comml?::ce Weather Bureau 

data.2 For be cioses: approximation to Blythe Field the data for Phoenix, Arizona were taken, 

In Fit;c1::-e 36 fo::- the B-24E bomber, the ambient temperat'lre drq:;ped dur:ng climbi'lg (approxi

r::::w.tely 32,000 11) from 102~F to -25"? while L'le fuel ~emperature r!r-opped frcm 110~F to 92~!". ln Figure 

37, for tte P-38G ir:tercept:>:-, tht3 am::l.en~ t<!!rr.perature dro;-ped during climl:ing (apprvximately 32,000 fl.l 

ir: tht!-1lrst 29 minutes from 1V7~F to l4"F', whi:e the f-J.e: temperature dropped fvr the same periOO of til;r:e 

frorr:: 104" tc ':.·)CJ~F. For the !lext forty-one mb:cLes, while the ai.r~raft was descending, the te:npe:rature 

rose fr'?m 14~F t? 107~?. The fuel temperature cont:nued to drop tv iKtr·. Bath of ttese curves show :he 

e:.ormoCIS :empera:ure lags thal may be enecnmterod under !light conditions, 

For the above case, u-.ere was :to cxp:::>slve Iditture, as defined :r: ?lgure 35, within the gasoline 

tar.k, as far as the terr:p&rah:re effect cf the tuixtLre was conc:err.ed. Flg'JY'e 35 sh?Ws the :emperature of 

the exp:~:.sive mixture raC~;re lo t'e consid~ably above the f'lel tempe:c'atu:res %countered. Hnwever, as it 

wl.ll be point<rd out later, explosive m-ixtures were undoubt0\i:y preser.tl.n fuel tanks w:::e;; the P~33 landed, 

due to the lag of eq'lili':Jrium pressT"e within ':he lar:k. If ker;:~ser.e were used as :he bel, explor.;ive mix

tures wouLd t.ave beer: encountered ctc:rir,g the i~:g:1t ii tte g:rooxtd tempera:ure were considerably be:ow 0°F. 

1'he results of :be simulatBd fHg!::: patterr:s quot~,4 show t:-:.e effect cf the no:::-equiHbrium eon-

1Hq At:;;·, \'i::"lgt.t-Patl;',>rson AF3, MeCJC Report Serial No, TSEP?-144-lfilJS, "Surrnnnry cf:Jata on Fires 
and ExplDsicns ir:: C>:unbat Aircraft FUel TanKs," B Sep: 1946. 
2rtq AMC, VJr:ght-Patte:rson AFB Memo Report 3erial No. Eng. 0?-525-149, "Desert Tests Jf the ??Wer 
P:anl Lab0ratory at the Blythe Ar:uy Air ~·teld, B·,ytne, California," 18 Aug 194$ 
3:r. S. I'epartment 2omrr:erce Weather Bu:-eat.:, Te:ctni;al Ncte on Upper Air t .. :aximur:: ':'emperatures a~ 
8ta.:1C.ard Levels ovor :.;. S. nndACaska, ?.evision Hi43. 
4

Hq A!"'1C, Wrig::t~?attersoo AFB, Memo ::'\epor1 Serial No. TSEPP<44 ·H:i\:18, ''Surr.cary of 8ata on Fires 
and Expl0.$:or.s in Co~oat Ai::craft F:.;ei T:mks, 13 Sept 1\?46. 
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ditions within tr.e tank dcrlng tligb~. The tank used was a 5"J gaHor. ~e:al fuse:age :an.'.t of a Spitfire a:r

C!'aft. F:gt:re 38 ts taken :rom re£e:-ence {3). tn this :li.ghl, hexane was used as a fuel fvr experimental 

purposes. Etr.;JJever, ga.<~olb.B would have shown very similar res~lts. This figure shows t'::at when :he 

aircraft descended from 3G1DOC feet to the grot:nd, an expiostve mixture of texane and air rerr:ained in the 

:auk for G'Ver 8G minutes after landing. On elimbicg, air anC. hexane '!apors a:'e removed from the tank 

f!".:rough ~he 'lent. :'his in~::-eases th.e hexane-to-air ra:io and results ir. a mixtuce too rich for an explosion, 

On dsscendir.g, air enters the tank through the v-ent. Conversely this decreases the texane-tc-air ::a:io ar.d 

results in an exp:xive mixture. ':'he C:\!'V& shows li'.al, possibly d:\e to the sl'!laU size o:f the vent, equf

Ebriurn conditicns are nCJt reached even af:.er 80 mi.:mtes. 

!n s:Imrnary, !actors relating to tile p:rooability of an exploslon besides the experirr.enta! laboral<,ry 

data a::-e: 

Res:ds of incendiary firings. 

2. Temperature lags encoud.e.red in actual flight. 

3. !':Jon-equiEb:::-ium con1ittons encour.lered in actual flight. 

Each of these three factors indicates that the exp:osive limits o'f JP~l kerosene anC :!.00 octane gaso1ine are 

~oos!.derabl7la.rger thrut tt.ose ot::ained f!".:nn the laboratory data. 

The t:robabi:ity of a structural kiLl ts a funcUor. of the Zb': cf tl".e tank and the ar:J.ount of vapor 

present. An explOOiQn need net cause a structt.rai kill ::Ii:ectly but may r:ausa fires or even a pllct kill, due 

to gasoline seepage or a::~y of nu::nerous ether fa::t0:rs. 

c:msiderable research has been conducted on the problem cf p'.l:tging ::uel ta.nks, I.e., rep:acing ai.r 

w!.lh non-ccrubustil:::le gases.
1

• 
2 

From the abcve dlsc'J.Ssions it appears that purging wU: oe P.<spec~ally 
necessary if kerosene is used :;J.::'Hi il w:>dd be ve::-y desiraDJ.e with gasoline. a sbould be :toted that, since 

:he beginning of World War II, purging wa.s '.!Sed oy the Russla.'1s. '!'!le climalic conditions e::~;:;ountered by 

them maCe it necessary. 

n, Fires. As ::iiscussed above, a rioter fuel vapor-air mi:nu:re :s required for !:res tban for ex

plosions. No experim(>ntal data are as yet availabte for the upper limit of ~he fuel vapor to air :ratio whid: 

:nay be applicabl.e to an airbo:rr.e aircraft. 

If a:: U;cend:ary round enters the tar.k above tbe liquid :evel and !unctbr:s in an ~nilamma:::.:e rniJI:tcre 

the vapor wil: burn and either of two things wn: happen: 

:. Tf t!ie ~pom:1g ;!aused by the rq,rr,d is small. a lrr¥~-order exPlosion may occur by tt,e expans:.on 

of the resulting gases. The fire may extir.gui.sh itself due to lack of oxygen and no serious darr:age to :he 

str..tcture will res'.llt. 

2. If the open!r,g i:, large enough, air ca_;. enter tc support cnrnbustion and a fire may result which 

may ca1.:.se a kil.l. 

If a round e::1ters te::>w the liquid leve~, fire :r;:;ay rest>:: in several ways. Due tc the compCt~xity o: 

st:n.:.cture in B-'1 :aircraft, fires may res1.;.lt ln n'.lmerous ways e~tr.er frorr, a direct hit cf the fuel tar:.k by 

1rtq AMC, Wright-Pa.t:erson t'\FB, Memo Report Serla: No. TSEPP~H.4~1.1398, "Sul'!lma:y cf Data on Fires 
and Explosions in Con-,t:at Aircraf: .Fuol 'l'anks," 1.3 Sept 1940. 

0 

'"U.S. !)eptarlf!lent of !nte:rior, Bu:ceau of }Jines Rl3&71, "Extbction of Gaso~ine Flames by Inert Gases;' 
Ap:-111946. 
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in'.:,mdiaritls sr by s-ibr>eq,;em rou.."l.ds lf;niting n.e fue~ >YI:i~h may t.ave leaked ?ut du<~ (o a prev:ous :-,:L 
?ires may Oe caused either directly from :he barnin;r :n:ewi:ary material or indirectly :Jy O'J€tal partici~':'):l 

which have been heated by the incendiary 11Hl:leri3L 

It has been shewn that, with a self*sealing ruober aircraft fuBllank, it may require about 7 rnilli

zecCLdS fer the spray ta come out after :he ro..md pierces the :..a.'1k; therefore, tt,e durMion of the incendiary 

flash, af:er the rCllitd -.;::ierce>s t::e :atlk, mt:st ::.o gNat8r th<L"'l 7 m~liiseconds. There are o:her conditio:;,s, 

however, t~lB! have to be TE!t before a fire occurs, The in'~~Ediary is actuated after it pierces the !!leta~ 

skin of the airplane, Values are given in other parts ')f this report of the dura:ion, length of flasi: and 

distance of the heart of the fire from the metal plate which causes the incendiary lo function. Hence, in 

ordE'r for :ire L.l ccc:;.r due to a dire:::t hlt by an i:::lc~nd~ary, there m'.lst be space !Jelwetm lhe actuating 

sk:~: a:cd. diB r-1bbe:r L<a:t:k. 

It is obvi,Jus tt..at, if the self-sealing t~nk were adjac~nt to the r:<etaJ skir., the::-e wo:.tld be s:n3.lt 

pro.':labillty of fire caused by any one round entertng the skin at zero obllqu.i:y. 

On the other hand, u-,e probabEHy of lhe tank nol sealing for this prLicular case would be greater, 

sbce, d·.te :.;; the petaEing effect, tte edges of the metal sklL rr.ay prevent ~he tank from beicg seli-seal:.ng. 

T~us :or lh!s caseJ the probE.l:::ility of !i~·e c:>tused by a s'.loseq_1..en: rc~C. in ltat nEcighborhcod wil: increase. 

One rnay expect t.hat, fer any one type ar.d calil:::e:- of L'1ce:::tdiary pr:Jje:;tile, a~ zero obliquity, the probabil:\.y 

of fire rmq be maximum at some particular spacing betwMn metal skin and tank. It is questionable, how. 

ever, wl:etl::e:r this spaclng will be the sam~; al other obliquities. The compl>;>xity of the effects is such that 

it is questionac:e whe~l:er r:mch wU be gained :r nr. atte::npt is made to s;eparate the effect of direct and 

compO'.m:i hits, 

It h.as been observed lhat a fire, whose source :.s exposed to :he slip slrearn, is extin~-1ished :r ::J.e 

speed of the aircraft exceed..s 110 miles per hou:r.
1 

rn the tests which have been ccnductsd, smoke was 

observed whEe the slave ship was producing ;; slip stream against the target. Flames were evident only 

afte::- ~i-? e:tgbes u: the slave ship were stopped. :t seems t=.at a::t et::e:::tlve kit! ~:an vnly oe produced :;y 

fires whose scur::e is pro~ec:c<:.ed frc:n the air currems >)f tc.e s~ip strearr,, 

As was earlier noted, the ratio of fuel VOlpor Ct) air i.s s:naHer for an explosive tdxture char, f.::Jr an 

inflammable mixture. Also, one may expect that, as the altitude is increased, the ratio of probability of 

fire to explosion wili L."'lcrea.se. A!, very high altitudes, however, botb cf these probabilities may be very 

small due to lack of enough oxygen to S\lpport e:ther fire or explosion. I'es1o conducted by tte OrUnar.ce De

partment have indicated no significant dlfferen::e in igr.ition of He:nkel :repUca tank:s between sea le-vel and 

20,000 feeL 2• S 

1Hq AMC, Wright-:?atterscn 1\?'B, Meme R£>port 3erial No. TSE??-144-ld£18, ''Summary (tf :Jata o;, Fi:es 
ar;d Explosions in Cornoat Aircraft Fael "J.'anks," 13 Sept 19~6, 

2
Fb-st Report on Altitude Tests of Cartridge, Incendiary, Caliber .50, Mi and Cartridge, A!"mor Pier~ing -

Incendiary, Caliber ,50, M8, OPNc. 5374, December 1943 (C). 

2seccnd Re~;orl oo Altitude Tests of Cart:idge, Ince::tdiary, Caliber .~o. Ml, and Cartridge, Arn:.or Piercing 
Ine~diary, Caliber .50, JV:8, OP No. 5374, ?roje:~ 2664, :r.::ay 1944 (C). 
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Tests will be initiated in t~,e very nf!ar future with a :::lo.sed chamber and a stratosphere chamber 

t<:: C.elermi:te such pr,lbatilities. At the pro:ected higl: altitude-s which are contemplated fox fut-.tre aircraf:, 

th~s effect of altit:J.de wilt !:le extreme:y impo!'tant, fori: may wE'll be that the pro1:.iabU:Ues are so small as 

to n:ake this mode o: at:ack ir::practkable. 

Let 

P"'" p r. + P~, where 
'· ' 

P"' tolal pressure. 

p A = prBSsure of air, and 

Pp ""'fl.tel vapor pressure, a function of ter1pera.tt::re. 

PF 
Also-- is proportional to the :fuel to a:r ratio discussed above and J.s an ~verse fl:llction of P. Therefore, 

PA 
at scme lO"W total pressure- F and correspondir..g high alt::ude, ~he fuel-'.o-air t>atlo will be too large for 

ei:her explosions or fires. Unforhlr·.ate:y, no laboratory data are avaUable on lhe dependence of the above 

ratio on tempe;-ature ar..:l total p:-essure. Hence, no calculations can be made to determine the minircum 

altitude above whi:::h c.c fires or explooicns will occur. 
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APPENDIX B 

FUEL TANK SURVIVAL PROBABILITY FOR nun HITS 

Th~ figures presented L."'' this !'<?port enable one to compute the probability that an aircraft sustaining 

"n11 hits wm ::::u.."'Vive fllel tank damage. A formula far the total probability of a kHl due to fuel tank fire ln "n" 

hits oP.. ar.y aircrat:. ir.::bdir.g Ooth eingle~::shot and cmnpcur:.d :ires was developed in a previous repo:rL 1 The 

development ~s used here because ot its direct conntJcticn w:>.h t~e purpose of :his report. 

Th.e forrr::ula {on Page 4 cf tl:is report) for t!:e ,s:_,_..,g:e-shot probability of a.:1 "A'' kill due t;) fuel tank 

fire may be used for ea~h of the s<::rp;,rale fu"'l ta;'ik locations or;. :he plane. '?he p:rOOuct of ll\e sir:gle-s::ot 

survival probabilities for each fuel tank location will then be the single-sl::ot s;;.rvival pr:ll:w.blli.ty fer aE 

the areas combined. Thls may be denot'2d by 1 - P~ The probability of an "A" kill due lV sirtgle-shOt 

ss 
fael da::nage U: "r'' hits is tt.en 

There is an additional source of fuel tank fire damage due to the additional probabillty u~at a rcur.d 

may cause a nre when a previous round impacting in the same general area has c&.used leakage. This is a 

fc.:-m of ::wn-cc:::nmutative compound damage as distinguished from the commutative compound damage one 

a~tai"J.S w:t!l. do~bly vulnerable cc:npor:ants suet as engir:es or pilots D;:t a ::nulti-er.gined bomber. This type 

of fuel tar1k daEage is especia:ly important when th~re is more tl:an cne ht.:.rst en the target. Let PF ~ be 

, whLh wc:.t:d be 

writter. as {P Fjkn. CPl In the for::nula or. Page 4 may be estin:al-ed for gascl:ne or kerosene fr:Jm 

Figures 10 and 11, respectively, is G:w Single~shot proD?.bility oi a fi~e rrlr a functicnin.g pcrelral!Jm 
ss 

of an undamaged celL PF would be wriUen as {P F 5Jfcn, CP} in the formula f;::;r PA and tts value may 
ss F 

be esthn&ted for gasoUne or kerosene ft'Om Figures 8 and 9, respectively. 

Let ?F .1::"' l?F
0 

~ ss be the add!tiooat probabtEty of a Irre due tc previous :eakage ar:d PLss be 

t!ie prcba':J::E:y of leakage and no fi::-e for a single-sho: illt or: the target eel:, PL may be estin::a~ed f:rorr: 
ss 

Table !. Then 

P )m P i,l - L - ';:.. 
ss ss 

is t!ie probability of getting at least one fire d'.le to compoun1ing CJf dar.~ age if the ce11ls hit "m" times. The 

1BF.LM 437 "Optirou:n Caliber Program'" by A. Stein. 
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probability of getting "m" hits on the cell out o£ "n" row.ds can be calculated separately for each tuei tar.k 

area. Thus, far the near main cell (denoted by Nlvfl, this probability is 

usir.g the Poisson app!"oxl.~aticr. ':o ;.he binomial. 

85 

Then for any one fuel tank locaitnn1 say for thB near main cell, the probabi!ity of :tire. ::lue to c:7rn~ 

pounding, for ''n" hits on the plane is 

m "'n 
p {nl .,. '\' 

CF .t:.. 
t:1 "" () 

-np 
NM 1 )m 

e ,npNM 

n:! 
? 

F 
m 

If (? A/F ) is the probaoility o: an "A1' kill CYt lhe plane due to compq.u;d !i::-e (See ':'able I, ;>arts C 
' and D), then 

(p A . .,. ' P (n) 
1·c/-cp 

is :he prcba::,ili:y tl1at "n" l:its on :he pla1te will result in an "A" kill due to the additional probability ~,f com

pound t:res in the near mairt cell. 

For example, if tl:e far main cell is the only other -eel! co~taining !\1.el when the plane 1s <:1-:er tl:.e 

target, ther. 

is the total probability of an "A" ktU due to fuel tank fires in "n" hits on the plane, i.nduding both sing!e·shot 

a-;_d compound fires. 

An indication of the effect of ccmt:Ol.:hd bel damage may be obtained :h-em calculations made for the 

E ·25 targe-t in a previcu.s report.1 It appears from these calculations thai the effect cf compou.'ld damag~ iS 

appreciable only where the single-shot probability is itself extrez:o_ely s:naU. From a consideration of data 

ac~r.1ulated to date, therefore1 there would seer:: to be but li:tle difference in ove.raU aircraf: vulnerability 

for wideiy varyir.g time intervals between ire pacts. If L'l:s is so, then from the terminal balllstic stan;ipoir.t, 

the vulnerability of the target under repeated passes would be little different frot:l that for one la.'lg burst 

with the same number of hits. The application of this fact will simplify calculatiOfl.s of the outcome Of 

aircraft duels. 

1
BRLM 462 .. Airplar.e Vulr.e:-ablH:y and O.rerall Arm:ur.er.t. E!'fecUveness", K. H. Weiss and A, Sle:n, 

pages 46-49, 
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APPENDIXD 

FUEL CELL FlRINGS 
SUMMARIZED - 1 MAY 1948 

-25 
200 yards r\ear Above 

Gaso~ir.e 

Fi~ing 

Record 
No. 

3 em AZ :?41071 

~.00 yards Rl'lar a.'1C. Abov·e 

CaL ,50, A?I-T, :Vf£0 P4~%G 

Cal. .SC, API·T, M20 

CaL .60, AP1, 1'39 
Cal. .'3-J, API, '139 

::aL .60, !nc, T35E3 
Cal, .60, Inc:, T36E2 
Cal. .60, Inc, T35E2 

~--~----~··--

37I!1J::, HE, M54 

~·4 yard.~ Front Below 

P40496 

P4l051 
:?40497 

P40498 
J~4l053 

P11054 

?41058 

~41070 
P4107S 

?11872 

Total Hits en 
.P.'ojec~ed Area* 
Sir..gle Com~ 

2hcl ?;mud 

2 

37 13 

15 10 

8 15 

6 3 

4._ __ 0 

Keroser.e 
Fir!r,g 

Record 
No. 

Cal. ,50, A PI-T, M20 P42299 P4231? 
Cal. ,60, API-T, M20 ?42302 12 14 P42314 
Cal. .50, API"T, ~2::.: P423J7 P423:D 

Total Bits en 
Projec~ed Area* 
Single Corr:-
Shot pound 

15 14 

26mm, rnc, .. :Vi'W ···-.. ---- --:£:'423'?4--~---·· --- P"4"2"'.3"8"3 __ _ 

2Jmm, Inc, M'G8 P42371 18 7 P42382 :a 0 
20mm, Inc, M96 P42377 P42352 

yards Rear Above 

75mm, HE, M48 

--200 yards Rear Abt;r.te 

3 Ct::\1 HE, }~ 108 
3 ~m, HE, ~Jk 105 

P412~W 

P41256 
10 

5 
' • 
' 

?41270 
?41663 

--~5~00~t~ar~i!~s;-1F'"·rr:onint1Bl<B;!1ow00i-- --------~-~.-·-----

Cal .. 50, Inc, M23 P41626 
Cal • . 6C, Inc, 1123 P41623 12 11 

P41486 
1'41485 

4 0 

~ 0 

-~-----

10 16 
;;-:;--;;;;--;-;;;;-:;;:;;;---";-;;;,.-- --··--··c:-:=-·---
Cal. .60, API, T3a P4l277 P41852 
Cal. ,60, API, T39 P412-'18 12 14 P4:!.649 
Cal. ,60, A.?l, T39 P42122 

CaL .601 Inc, :'36E2 P41S32 
Cal .. 6_ll_tnc, T36E2 P41258 

"'tnc-ludes d:tds. 

B 4 
P41556 
P416M 

11 25 

14 14 
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F:JEL CELL FilliNGS {Continued) 

Gasoline Total Hits or. Ker~sene Tota;_ Hits c.n 
Fl:-ir.g ?ro;ected Area"' Fl:ring Projected Area"' 
Record s:r.g:le Co!n- Eeco.:-d S~:::g:e Con:-

1\o. She': pound 2:o. S~ot pound 

500 yards .!' ront Below (Continued) 

20mrn, HE1, M97 P41477 4 P4:l284 
20mm, HEI, M97 P422'i'9 3 23 

20mm, Inc, M90 P4163G 
20mm, Inc, M96 P4Hi37 P41283 
20mm, Inc, !<.196 ?4141$ 18 P412B6 12 16 

500 vards Rear Above 

Ca: .. 50, AFI~T, M20 :?41.0?4 P412tH :s 
Cal. ,5G, A?I-T, M-20 P4l247 14 ;g 

Cal. .5C", :nc, M23 P4:.543 P41262 
Cal. .50, :nc, :;.!23 P41647 :7 ~0 ?41':78 IE ::_g 

Cal. .50, API, T39 P410'7$ 
Cal. .60, API, TSQ F-410'~1.1 P41254 
Cal. .60, AP!, ':!:'39 P4108'7 ta 8 ?41475 12 25 
Cal. ,60, API, T39 P4124B 

CaL .60, Inc, T36E2 P423'78 
Cal. ,60, Inc, TS6E2 P41089 P41253 
Cal. .60, Ltc, T36E2 P41250 15 11 P41483 13 14 

20mrn, REI, M97 P41091 P41269 
20mrr., HEI, M97 'P410\JO 14 11 P41280 21 11 
20mm, HEI, },f27 P11253 

20mrr., Inc, M86 P42383 
2amn:, :n,., :r.J9e P4:)490 IJ4"2_262 
2Jmm, Inc, 1v!9C ?412EB 13 16 PE281 15 :B 

3'7mm, HE, M54 P41246 P4:!05G 
M:54 :~412B0 15 1 P4:458 6 4 

1000 yard¢ Front and Below 

Cal. .50. Ihc, !vl23 P4l805 
Cal. .50, Inc, M23 P41803 8 18 P41'793 ' 31 

CaL .60, API, T39 P41810 
Cal. .60, API. T39 P42411 7 10 

Cal. .50, Inc, TSBE2 P41800 
CaL .60, -;nc, -:;:3682 P41812 13 g 

CaL .60, Inc, T36E2 P42425 

2Cr:m, HE::, MB'l Fkl~l 
2Crr:::-t, :-IE:, ?>Afl'i' F4132'7 3 11 

28r.:"', rr~c:··:\.ili5 P424Q(J P42-822 0 1l 
28'"'::-~, Inc, M:i16 F424C3 :o 1 
---··· 

*Includes duds, 
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FUEL CELL ?'li<rXGS (Continued) 

Ga.so-=_ine ':otal Hi!S on Kerosene 
Firlng ?roje.::ted Area"" Firir~ 

'Secord Single Ccn:- Record 
No. sr.o: PC'lt'.d No. 

: C•JJ yards ?\ear Above 

Cal. .50, Ir.:r!' M23 P41831 
ca:. .50, M23 P41776 ::..6 P417?'J 

--~~- ------~· 

CaL .5::::, API, T39 S4422'd 
" . "'fb. ,6::1, API, T39 P43436 
Cal. .60, A~'I, T39 P4243'i 2::: :6 
··---~-~~---

:::al. .GC, Inc, T35E2 F41783 
Cal. .60, Inc, T36E2 P42441 
ca:. .eo, ihc, T36E2 P4248:J ; 2 !1 P41768 

2J:rom, HEI, M\)7 P41"'86 
2::Jmm, EEl, 1fj7 :P41695 9 14 :t:4F09 

20mm, Inc, M96 844231_ 
20'!nm, Inc, M9C P42422 11 3 P417J2 

.... - .. ·------··· ----------~ 

2J00 yards Prone and Belew 

C!:~. .flO, AFI, T39 P415l3 P41518 
Cal. .6J, API, T38 P414\J4 S4424'7 
CoL .3::_!, APt, '~'.j,j P43.:JB _;_g 15 P415:,>1 
~ 

CaL .6~J, be, T35E2 _-4167? 
Cal. . 50, L-:.:::, T36E2 .:i'42'798 P41625 
:::al, .£0, !nc, T36E2 P'i2958 9 8 P42-528 
CaL .0J, ln<"' "' ·~ 3t<E2 P430J8 
Cal. .3J, Inc, 'l'3GE2 ?43069 
Cal. .eo, Inc, T36E2 P4308? 

····------ .... __ .. ____ ..... ~ .. ·----
2-lrnrr.; BE!, l\·19'7 

HET, :',197 
o· •. CJmm, Inc, !v18B P43.i38 
2Cmm, Ir.c, rv:-00 P4221l 
2~io::n, lnc, :.126 P4335C1 52 
20:nm, L'lc, rv:90 f'->4.3378 
Umm, 

,. ___ 
M96 P433~l3 ···-' 

2000 va::-ds Rear Above 

Cal. .60, AP1, T58 344238 5 

Col. .60, -:-nc, T30E·2 P4:682 
CaL .€·], Inc, '?36E2 ?4_'__557 7 

~?Jmrr., EEl, :?41631 s 
z:.::m m, !v!97 

2Cmm, Inc, !1Afl6 S44237 9 

Fcc::- A-35 snd J:-.:-47 Empty ~· ~:rlngs, See BRl..lv: 4':l7. 

P-51 
~.J'J yards :C:ronl :g.-,low 

3 :em 1l t, :>.1k l'J8 :?4196:': 

<ll 

7 

10 

11 

s 

' 'iE ~ !k ',--,--, t:J,!~ HF .. '. 5 4 .J ~m. -~Li:__. j_'!~o---~ --''-"'"~·~·c._ __ ,·:,_ ___ ,__ 

"Inc~udes Cud.s. 

S44253 
17'41615 

?4~605 
S44252 

P4lt370 
--------~· 

P4H-"42 

344246 
P41€D'J 

844239 

'!1 

'l'ota1 Hits on 
Projected Arta* 
Sl:1gle Ccn:.-
Shot ~ound 

4 19 

e :1 

6 11 

4 5 

14 34 

11 25 

22 :2 

d 14 

11 7 

5 9 

9 22 

6 6 
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FUE!.. CEL!.. PIP.lliGS (Continued) 

500 yards Fr-::nt Below 

Cal, ,50, lnc, };123 
CaL ,50, Inc, M23 

Cal. .001 API, T39 
Cal. .'30, AP::, T3\f 

Gaaoi.ine 
Flrtng 
Record 

No. 

?41642 
P41346 

P41863 
P41935 

Tc-tal Hits on 
Prokcted Area• 
Single Corn~ 

Shot poW1d 

20 

5 13 
·-=~~--~~----------CaL ,60, L'lc, T36E2 :?41848 

Cal. .00, Ir,c, T36E2 ?41855 
CaL .60, Inc, T36E2 P41857 

2Dmr:n, P.El, 119? P4Hl57 
2Jrom, EZI, :t-.1.1H ?41960 

20mm, :nc, M96 
20mm, lnc, t-195 
20mm. Inc, M96 

P-59 
2:1J yards Rear Above 

3 em HE, 1f" lOS 

500 yards Rear Above 

Cat .60, Ir.~, M23 

ca: .. sa, A.?!, T39 

P4194fl 
P41 949 
P41955 

8 

5 7 

7 23 

Kerosene 
Firing 

Record 
No. 

P41S69 

P41680 

?412'72 

T ot.al Hits en 
Projected Area* 
Single Com~ 

Shot pound 

2 3 

7 3 

8 5 
~~· 

CaL .60, Inc, T36E2 
------~----------~m---,---~ 20mm, REI, M97 

?41271 g 2 

P41275 & 2 

20mrr., Inc, MJ6 P41274 10 3 

* Includes duds. 

• 
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